Premature neonates have immature antioxidant enzyme systems rendering them more susceptible to oxidative injury. One key antioxidant is glutathione (GSH). The rate limiting amino acid (AA) in GSH production is thought to be cysteine. Critically ill premature neonates who are parenterally fed are often supplemented with additional cysteine, yet the need for cysteine and optimal dose is unknown. This was a prospective, un-blinded, three-group, randomized crossover study aimed to evaluate three doses of cysteine by analyzing red blood cell (RBC) GSH, plasma AA, weight, and nitrogen balance. Neonates were randomized to receive 72 hours of each of the following cysteine doses: 10 mg/g AA, 20 mg/g AA, and 40 mg/g AA. GSH, plasma AAs, weight, and nitrogen balance were evaluated at baseline (after 72 hours of 0 mg/g AA), day three, day six, and day nine. Sixteen patients completed all doses of cysteine, which resulted in significantly increased RBC GSH concentrations over baseline. Plasma concentrations of cystine, total and free cysteine/cystine, glycine and serine increased with cysteine dose. All cysteine doses were associated with adequate weight gain, and positive nitrogen balance. These results are contrary to more recent studies of cysteine effect on RBC GSH concentrations in preterm neonates and infants, but may reflect the severity of illness in our study subjects, where cysteine requirements may be increased.
Introduction
Preterm neonates are presumed to be deficient in the antioxidant glutathione (GSH) rendering them more susceptible to diseases associated with reactive oxygen species (ROS) including bronchopulmonary dysplasia (BPD), periventricular leukomalacia, and retinopathy of prematurity (ROP) [1] . Neonatal survivors of critical illness, exposed to ROS, often are affected by many health related complications causing long-term morbidity [2] . Therefore, lowering oxidative injury risk should be a priority for critically ill preterm neonates.
The amino acid (AA) cysteine comprises a third of the tri-peptide GSH and directly influences GSH production ( Figure 1 ). Cysteine has been suggested to be a conditionally-essential AA for neonates, particularly in the preterm neonate. There have been multiple studies actively debating this issue [3] [4] [5] .
The availability of cysteine is thought to be the rate limiting substrate for the synthesis of GSH [6] [7] [8] [9] , though this has been questioned as well by investigators [10] [11] . Several previous studies in children with protein energy malnutrition (PEM) and human immunodeficiency virus (HIV) have demonstrated low RBC GSH concentrations that are responsive to acetylcysteine supplementation [7] [12] . A previous study in septic children found that whole blood GSH synthesis rates are reduced by 60% [13] . Most of the previous studies evaluating the requirement of cysteine and its effect on synthesis and concentration of red blood cell (RBC) GSH have been completed in stable preterm neonates and infants. Our main objective was to determine whether cysteine supplementation in critically ill, post-surgical neonates treated for surgeries influenced RBC GSH concentrations. The complexity of surgery/critical illness was estimated using the wound classifications as defined by the U.S Centers for Disease Control and Prevention (CDC): clean, clean contaminated, contaminated or dirty/infected [14] . Secondary objectives included the evaluation of plasma AAs, weight gain and nitrogen balance. Since this was designed as a short-term dose response study, weight gain and nitrogen balance were completed to ensure adequate nutrition across all study periods.
Methods
This was a prospective, randomized, single-center study assessing the effects of varying L-cysteine HCl dosage in critically ill, post-surgical premature neonates who required parenteral nutrition (PN) support for at least two weeks between Fall 2011 and Spring 2012. Neonates with gestational age greater than 30 weeks but less than 37 weeks, and postnatal age less than 4 weeks were included in the study. Neonates were excluded from the study if they had any of the following major medical problems: inborn errors of metabolism, chromosomal abnormalities, end-stage liver or renal disease, peritoneal dialysis/hemofiltration, intraventricular hemorrhage (Grade IV), postnatal corticosteroid usage, extracorporeal membrane oxygenation (ECMO) support, or greater than 10% of nutritional goal as enteral intake. Institutional Review Board approval, and informed consent was obtained from the patient's parent or legal guardian prior to inclusion.
Post-surgical neonates were randomized in three groups based on a three-dose crossover design. All neonates received standard PN with the amino acid formulation TrophAmine 10% (BBraun Medical, Bethlehem, PA), for 72 hours cysteine-free, followed by 72 hours of each cysteine dose (10 mg, 20 mg and 40 mg cysteine per gram AA) in PN. The randomization schedule was based on a Latin square design as follows: neonates randomized to group 1 first received 10 mg/g AA cysteine supplementation for three subsequent days. Similarly, neonates in groups 2 and 3 received 20 mg or 40 mg/g AA cysteine supplementation for the same period. After 72 hours of supplementation, infants in each group were switched to a new dose and supplemented for an equal time. Doses were rotated per the randomized dosage scheme until all groups received all doses for 72 hours each. Steady-state AA concentrations were assessed after 72 hours of supplementation with the same cysteine dose [15] . Patient specific doses are shown in Table 1 . Observations of intake and output, along with weights were recorded daily. Plasma AA and RBC GSH concentration were completed at day 0 (baseline), day 3, day 6, and day 9. Samples for analysis were coded for each subject without additional information about the protein dosage given at the time when collected. All neonates in this study received the standard PN regimen consisting of 2.5 g AA/kg/day with a 110 kcal/kg/day caloric goal. In addition to PN with standard dextrose concentrations, electrolytes, and minerals, carnitine was added at a dose of 10 mg/kg/day. No choline was added, although some choline would have been provided via the lipid product [16] . Nitrogen balance was calculated based on urine alone using total urinary nitrogen methodology [17] . Stool and gastric losses were not included, since output was minimal and only two patients were receiving minimal enteral nutrition. No correction factors were used to estimate insensible losses [18] . RBC GSH and plasma AA analyses were performed on peripheral blood (0.8 ml) collected in a separate heparinized tube at baseline and on the final day of each of the three different cysteine doses. Immediately after collection, blood samples were placed on ice and transported to the laboratory for separation of plasma within 30 minutes of collection. Samples were centrifuged for 15 minutes at 1800 times gravity, and whole plasma and packed erythrocytes collected for further analytical procedures. A portion of whole plasma was deproteinated with 5'-sulfosalicylic acid at 40 mg/ml plasma. Whole and deproteinated plasma were stored at −70˚C until further analyses. Packed RBCs were twice washed with normal saline and centrifuged. The final RBC pellet was re-suspended with an equal volume of double-distilled water, and vortexed vigorously. This RBC lysate was quickly frozen and thawed twice, and then centrifuged at 13,000 rpm for 10 minutes. The lysed RBC supernatant was then frozen at −70˚C. Free AA concentrations in deproteinated plasma were measured on a Beckman 6300 AA analyzer using a 10 cm Li high performance column, four lithium citrate buffers, and an expanded physiological sample program. The AA analyzer only measures cystine, and has an accuracy of ±7%. Total and free cysteine/cystine concentrations in whole plasma were measured spectrophotometrically by the method of Gaitonde as modified by Malloy [19] [20] . This method uses the reducing agent dithioth-
reitol for sample conversion of total and free cysteine/cystine to cysteine, followed by a reaction with ninhydrin reagent. Total and free cysteine/cystine has a reported assay accuracy of ±5%. The conjugate, D-glucose-L-cysteine, cannot be distinguished from total and free cysteine/cystine by this method, but was assumed to be of small importance to our analyses. Thus, we report plasma cystine, and plasma total and free cysteine/cystine, similar to previous reports [21] [22] [23] [24] . RBC total GSH on lysed RBC samples was analyzed using the Tietze enzymatic method (Bioxytech GSH/GSSG-412, Oxis Health Products, Portland, OR) [25] . This method measures both GSH and reduced GSH (GSSG) in the lysed RBC sample. In this study, results are reported as total RBC GSH. Baseline demographic characteristics, intake totals with respect to calories, total protein and specific amino acids, as well as, blood concentrations of specific amino acids were described as means with standard error where appropriate. Statistical analyses of variables were performed on SPSS 32-bit software package for Windows (release 22.0.0; IBM Corp.).
Results and Discussion
Nineteen subjects were enrolled. Three subjects did not complete all dosage periods, and were excluded from analyses. Two subjects were able to rapidly advance to enteral feeds after one cysteine dosage period (patients 108, 113), and one subject expired during the first cysteine dosage period for reasons not related to the study (patient 110). Sixteen patients completed baseline, and all three cysteine doses. Demographic data are summarized in Table 2 . Diagnoses are shown in Table 3 .
Intake
Total calorie and protein doses were not significantly different during baseline and the 3 cysteine dosage periods. PN intake of the other sulfur AAs (methionine and taurine) were not significantly different across all study periods. Only Mean values reported with standard error of the mean (SEM). two subjects received minimal amounts of breast milk or infant formula during the last study period, but this amount was negligible (less than 10% of intake), therefore enteral intake was not included in total calorie or protein intake. Intake data are described on Table 4 .
Erythrocyte Glutathione
RBC GSH concentrations at baseline (zero cysteine dose) were found to be 781 μmol/L of packed RBCs in this group of 16 infants. At cysteine doses of 10, 20, and 40 mg/g AA, the resulting RBC GSH concentrations were 735, 903, and 1203 μmol/L respectively. RBC total GSH concentrations were significantly higher at the 20 and 40 mg cysteine dose compared to the 0 dose (p < 0.05). In addition, the 20 and 40 mg doses were significantly different from each other. Thus, there appeared to be a dose response of RBC total GSH to cysteine dose. Baseline (zero cysteine dose) concentrations of RBC total GSH were highly variable. Thus, RBC GSH concentrations were evaluated by normalizing them to the baseline value and expressing each patient's result as a percent of baseline. On this basis, the results at the 10, 20, and 40 mg/g AA doses were 127% ± 25.4%, 153% ± 22.2%, and 212% ± 35.7%, respectively. Again, the RBC GSH percentages above baseline at the 20 and 40 dose were significantly higher than at baseline (p = 0.002 and 0.003 respectively) (See Table 4 ). We sequentially evaluated cysteine dose effect on RBC GSH concentrations, plasma AA concentrations, growth, and nitrogen balance in critically ill, post-surgical preterm neonates. We did this using a randomized, Latin square design to minimize maturational effects that might occur over the 12 days of the study. No significant differences in weight gain were observed in the participants across the different cysteine dosage regimens. Weight gain, especially in the early days of the study, was likely confounded by increased fluid intake associated with surgeries. We found dose-dependent increases in RBC GSH, cystine, total cysteine/cystine, and taurine, but little additional effect on nitrogen balance with advancing dose. Such values are well below the range for adult RBC glutathione concentrations, GSH-repleted children with protein calorie malnutrition (PEM), and preterm infants. GSH concentrations were approximately 1500 to 2500 µmol/L [7] [10] [11] . Thus, our subjects appeared to have an initial relative deficiency in RBC GSH. At the 40 mg/gram protein dose, RBC glutathione concentrations were roughly 60% of teBraake et al. reported GSH concentrations in stable preterm infants.
A number of recent studies have suggested cysteine has little to no effect on RBC GSH production in neonates [10] [11] . Furthermore, investigators have argued that low birth weight neonates and infants are capable of converting methionine to cysteine [3] [4] [26] , relegating cysteine as non-essential as it is in healthy adults. We speculate that our results differ because cysteine, in critically-ill neonates, emerges as an acquired, indispensable AA [27] . Certainly, it has been shown that cysteine supplementation increases cystine, total cysteine/cystine, and taurine concentrations, suggesting a requirement for cysteine in PN formulation [18] [21] [28] . As an acquired indispensable AA, cysteine need is increased beyond the neonate's ability to synthesize under the conditions of severe disease and metabolic stress. Certainly in other metabolically stressed pediatric populations, cysteine supplementation has restored RBC and whole blood GSH concentrations [7] , as well as in adults [29] . Our results suggest that significantly higher GSH concentrations are achieved with increasing cysteine supplementation. While the 10 mg/g AA dose had no effect, both the 20 and 40 mg/g AA doses resulted in statistically significant improvements in RBC GSH concentrations (903 and 1203 μmol/L respectively). Nonetheless, after 3 days at our institution's normal PN dose for cysteine supplementation (40 mg/g AA, or approximately 100 mg/kg/day), RBC GSH concentrations remained on average at approximately 50% of normal adult concentrations. This is in contrast to results described by Courtney-Martin et al. in neonates, where RBC GSH was not affected by supplementation of 10 mg/kg cysteine in a small study of five neonates [11] . However, even in the absence of cysteine supplementation at baseline, their subjects' RBC GSH concentrations were well above 2000 μmol/L, and seem likely a reflection of how stable these infants were at the time of study. Our results reflect the effect of prior oxidative influences as a result of critical illness, and metabolic stress.
Critical illness and duration of oxidative stress may explain differences between our study and others. Sepsis has been shown to have deleterious effects in the concentrations of sulfur-containing amino acids, including cysteine, in both children and adults [13] [30] . teBraake et al. normal cysteine dose was described as 45 mg/kg/day, and high dose as 81 mg/kg/day. This high dose is about 80% of the highest dose used in our current study, nearly equal to the intake requirements of 77 mg/kg/day suggested by Snyderman [31] and 50% -60% of the cysteine dose predicted in experiments by Heird et al. [32] . teBraake assessed RBC glutathione only once, at day 2, in what were described as stable patients at normal and high doses of cysteine. No differences were observed in RBC GSH at either dose. For both cysteine dosing groups, their RBC GSH concentrations were in the range of 1800 to 2100 μmol/L, well above our study findings regardless of cysteine dose. We chose to assess glutathione sequentially as cysteine dose O. R. Herrera et al.
was changed over 12 days. We expected the longer duration would be more reflective of RBC GSH status in critically-ill, post-surgical neonates. We chose 72-hour intervals based on previous studies that demonstrated steady-state amino acid concentrations being achieved in pediatric patients and exceeded the duration for most stable isotope studies evaluating GSH synthesis and RBC concentrations [15] . Regardless, RBC GSH improved with increases in cysteine dose, but did not correct to the values in studies of more stable neonates. We used diagnoses and wound classification as defined by the CDC to estimate the degree of critical illness post-operatively. We evaluated the effect of each wound class and cysteine dose on changes in cysteine concentrations from baseline. This yielded no statistically significant differences, though the 20 mg dose trended towards significance, in large part due to the small sample size for each wound classification. Again, it leads us to speculate that there may be a range or trigger condition that creates a transient requirement for cysteine warranting further investigation with a larger patient set.
Plasma Amino Acids
In general, concentrations of plasma amino acids were not expected to vary during the course of the study since the only difference in each study period was cysteine dose.
Differences in plasma amino acids with cysteine dose were observed in the sulfur containing amino acids. Table 4 summarizes these differences and also includes other amino acids involved in glutathione synthesis. The plasma concentration of free cystine increased with increasing cysteine dosage in an apparent dose dependent manner. The values were 35.1, 38.4, 46.3, and 50.3 μmol/L for the zero, 10, 20, and 40 mg/g AA, respectively. The normal concentration for breast-fed term neonates is 35 -69 μmol/L. The concentration at 40 mg/g AA dose was significantly higher than the value at zero cysteine dose (p = 0.021) and the 10 mg/g AA dose (p = 0.003). Similarly, plasma concentrations of total and free cysteine/cystine increased with increasing cysteine dose. These were 136, 188, 206, and 252 μmol/L for the zero, 10, 20, and 40 mg/g AA, respectively. The normal concentration range for breast-fed term neonates is 99 -208 μmol/L [22] . All doses of cysteine produced significant increases in total and free cysteine/cystine compared to the zero cysteine dose (see Table 4 ). The plasma concentrations of taurine also increased with cysteine supplementation. These were 38.2, 60.1, 54.9, and 59.5 μmol/L at the 0, 10, 20, and 40 mg/g AA doses respectively. The result at all doses of cysteine were significantly different from the zero dose (p < 0.05), but there were no significant differences among the three doses in plasma taurine concentrations. In breast-fed term infants, normal taurine concentrations ranged from 10 -167 μmol/L. In this study, plasma methionine concentrations did not differ with cysteine dose; they were 54.4, 52.3, 53.9, and 57.4 μmol/L at the 0, 10, 20, and 40 mg/g AA doses respectively. Similarly, plasma glutamic acid concentrations and plasma glutamine concentrations did not vary with cysteine dose (see Table 4 ). There were apparent differences in plasma concentrations of both glycine and serine with cysteine dose. These were 270, 299, 343, and 323 μmol/L at the 0, 10, 20, and 40 mg/g AA cysteine doses respectively. The concentrations at 20 and 40 were significantly higher than at the zero cysteine dose. There were no differences in plasma glycine concentration among the 3 cysteine doses. The results for plasma serine were similar. The concentrations were 117, 123, 137, 132 μmol/L at the zero, 10, 20, and 40 mg/g AA cysteine doses respectively. Again, concentrations at the 20 and 40 mg dose were significantly higher than the zero dose; there were no significant difference among plasma serine concentrations for the 3 cysteine doses. In term breast-fed infants, glycine concentrations are 77 -376 μmol/L and serine concentrations are 0 -326 μmol/L [22] .
As for other amino acids, plasma concentrations of taurine (Figure 1 ) also increased with cysteine dose. However, there was no dose dependent nature to this increase suggesting that this may have been limited by maturational events related to enzymes of the trans-sulfuration pathway. All subsequent plasma concentrations were improved compared to the baseline observation and there was no significant difference with respect to cysteine dose. Since infants received the same amount of taurine in PN during all study periods, the apparent increase may have been a time on PN-dependent event. Alternatively, a minimal amount of cysteine (10 mg/g AA) in PN may be sufficient to increase plasma taurine concentrations versus no added cysteine. Since the range of normal plasma concentrations for taurine are so large (1 -167 μmol/L) [22] , even the plasma taurine concentrations in the absence of cysteine supplementation (38.2 μmol/L) could be considered normal. However, the normal mean taurine concentration is 83.9 μmol/L. Studies by Meister et al. showed that administration of high doses of cysteine does not increase cellular GSH as expected due to feedback inhibition of γ-glutamylcysteinesynthetase by glutathione [33] . Another possible explanation is that doses above 40 mg/g AA may be required to adequately detect this dose response in GSH and taurine concentrations.
A somewhat surprising observation was the modest, but statistically significant, increase in both plasma glycine and plasma serine concentrations with increasing cysteine dose. No such effect was observed when the plasma amino acid concentrations were observed from a temporal basis. Glycine is a direct component of the tripeptide glutathione (γ-glutamyl-cysteinyl-glycine). Perhaps, with an increase in available intracellular cysteine, less intracellular glycine is required and there is a concomitant increase in plasma glycine concentrations.
Weight Gain and Nitrogen Balance
Change in weight was evaluated by tracking weight recorded in the medical record for each study day. Infants gained weight during the course of the 12-day study at a rate of 12 ± 3 g/kg/d. Weight change was also evaluated during each of the 3-day study periods. There was no statistically significant change in weight gain across any study period. Nitrogen balance was determined during the last 24-hour period of each study period. The results were 270, 294, 270, and 321 O. R. Herrera et al. mg/kg/d for the zero, 10, 20, and 40 mg/g AA doses, respectively. While there is a slight trend to increasing nitrogen balance with increasing cysteine dose in this short-term study, there are no statistically significant differences among any of these values. The difference between zero dose (270 mg/kg/d) and the 40 mg dose (321 mg/kg/d) was approximately 51 mg/kg/d. However, due to the small study population, this only trended toward statistical significance (p = 0.058).
Conclusion
In summary, we found dose-dependent increases in RBC GSH with increasing doses of cysteine. Our total sulfur amino acid intake and requirement for cysteine supplementation, above 10 mg/kg/day, exceeds that predicted by other studies in term, stable infants. Whether cysteine is a conditionally-essential amino acid for all neonates is up for debate; however, it appears that prematurity and sepsis/critical illness predisposes these patients to increase requirements that may warrant supplementation. The Latin square design, longitudinal assessment of RBC GSH, and metabolically relevant amino acid findings are strengths of the current study, and likely suggest additional studies are required to better understand cysteine dosing in neonates and infants experiencing the metabolic stress of critical illness.
